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Spin-dependent transport measurement in 3-hexadecyl pyrrole 3HDP with a CoFe layer and the
current-in-plane geometry is reported. Transport properties indicate the CoFe layers are
discontinuous when their thicknesses are smaller than 6 nm. The temperature dependence of the
conductance suggests that the transport mechanism is likely small polaron hopping. The observed
positive magnetoresistance ratio at low temperature gives evidence of spin-conserving transport.
© 2010 American Institute of Physics. doi:10.1063/1.3359438
In the past decade, organic spintronics has gained con-
siderable attention due to weak spin-orbit coupling in organic
semiconductor OSC, which leads to long spin relaxation
times. Spin-dependent transport properties have been ob-
served in organic spin valves or organic magnetic tunnel
junctions MTJs with a range of OSCs as barriers.1–3 Xiong
et al.4 demonstrated a magnetoresistance MR ratio of about
40% in La0.67Sr0.33MnO3/Alq3/Co at 11 K. Majumdar et al.5
observed 80% MR ratio in La0.67Sr0.33MnO3/poly 3-hexyl-
thiophene/Co at 5 K. Wang et al.6 reported a magnetoresis-
tance MR ratio of about 20% in MTJ with 3-hexadecyl
pyrrole7 as barrier which can be reinforced with annealing or
ultraviolet radiation. For the MTJ type structures above, be-
cause metal atoms can easily penetrate the molecular layers
during the top magnetic electrode deposition,8 the yield of
these organic MTJ is quite low. Therefore, more basic re-
search is needed before the practical device applications. On
the other hand, discontinuous metal-organic multilayers, i.e.,
separate layers of ferromagnetic nanoparticles embedded in
organic matrix, have the advantages over spin valves and
MTJs for their easy preparation and the insensitivity to
pinholes.9 They are also good nanostructures comparing with
spin-valve and MTJ for studying the spin-dependent trans-
port mechanism in organic hybrid ferromagnetic materials.
However, few studies have been done on discontinuous
metal-organic multilayers. There is a desire to study whether
spin-polarized transport can be realized in such multilayers.
In this work, we use discontinuous Co90Fe10 films and the
same molecule as in Ref. 6 3HDP refer to inset in Fig. 1b
with a pyrrolyl group and a long aliphatic group, to extend
the study of spin-polarized transport in 3HDP. The soft mag-
netic material Co90Fe10 is chosen as the discontinuous metal
layers for its high spin polarization.10 Magnetic and transport
properties of these organic/CoFe discontinuous multilayers
are studied as a function of CoFe layer thickness.
A series of discontinuous multilayers
3HDP1 ML /Co90Fe10t4 are prepared by sequential
layer-by-layer deposition on glass substrates. The nominal
thickness t of the CoFe layers varied from 2 mm to 8 nm.
The glass surface becomes hydrophilic after cleaning in con-
centrated H2SO4 and H2O2. Monolayer of 3HDP is prepared
by vertical Langmuir–Blodgett technology at surface pres-
sures 40 mN/m. The transfer ratio is near unity, which sug-
gests the high quality of monolayer. Then the samples are
immediately transferred into an ULVAC TMR R&D magne-
tron sputtering system with a base pressure below 1
10−6 Pa and the Co90Fe10 layer with different nominal
thicknesses is deposited on the organic film with a deposition
rate of 0.56 Å/s. During the deposition, an in-plane magnetic
field of about 10 mT is applied in order to induce the in-
aAuthor to whom correspondence should be addressed. Electronic mail:
xfhan@aphy.iphy.ac.cn.
FIG. 1. Color online a TEM plane view image of 3HDP
1 ML /Co90Fe10 5 nm bilayer. b Histogram of nanoparticle size distri-
bution measured from TEM image for t=5 nm. Inset Ball and stick model
of the molecular structure of -conjugated molecular derivative
3-hexadecyl pyrrole 3HDP. White, black, and gray balls represent hydro-
gen, nitrogen, and carbon atoms, respectively.
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plane anisotropy. For transport measurement, copper elec-
trodes are further deposited on multilayers by sputtering. For
transmission electron microscopy TEM characterization,
bilayer of 3HDP 1 ML /Co90Fe10 t is supported by the
holey carbon films and investigated to determine the size and
dispersion of the CoFe nanoparticles. Hysteresis loops of the
samples are investigated with vibrating sample magnetome-
ter at room temperature RT. Physical properties measure-
ments system is employed to study the transport properties of
the obtained multilayers.
Figure 1a is a plane-view TEM image of a typical
3HDP 1 ML /Co90Fe10 5 nm bilayer and shows that the
CoFe layer is discontinuous and CoFe exists as nanoparticles
embedded in the organic matrix, evidenced by their dark
contrast. The electron diffraction pattern not shown here
indicates that the nanoparticles are amorphous. The size dis-
tribution of these nanoparticles can be fitted to a lognormal
distribution, as shown in Fig. 1b and the average particle
size can be estimated. In the case of t=5 nm, the average
particle size is 3.9 nm in diameter. TEM images of differ-
ent nominal thickness of CoFe layers show the average nano-
particle size increases with increasing the CoFe thickness.
The nanoparticles merge into a continuous layer when thick-
ness reaches 7 nm. This is a much higher thickness for a
continuous film to form than on insulator9 films and on other
organic films.11
Figure 2 shows the magnetic hysteresis at RT, which
shows the change from a superparamagnetic t3 nm to
ferromagnetic t3 nm. The M-H curve of the sample with
t=2 nm shows no remanence at zero field and unsaturated
behavior at high field, which suggests that particles are su-
perparamagnetic at RT. The hysteresis loops of t=4 nm and
t=5 nm show a ferromagnetic behavior, suggesting signifi-
cant magnetic coupling between nanoparticles. M T, H ver-
sus t behavior is similar with that reported in Ref. 9, where
extremely rough domain structures were found. The ferro-
magnetic behavior is observed before the actual transport
percolation occurs shown below. Magnetic percolation, i.e.,
magnetic ordering in discontinuous granules that are physi-
cally nonpercolated,9 is found in this system.
The electrical resistivity  is measured as a function of
the nominal thickness of Co90Fe10, temperature and the mag-
netic field. Over a large temperature range, the resistivity
decreases sharply with increasing the thickness of CoFe. The
temperature dependence of the resistance is shown in Fig. 3.
For samples with t6 nm, insulating behavior
dR /dT0 is observed. With thicker Co90Fe10 layer
t6 nm the structure changes from isolated particles to
continuous films, and samples show a metallic behavior
dR /dT0. The sample with t=6 nm exhibits a metal-
insulator type transition at 50 K, whose resistance decreases
first and then increases with increasing temperature.
The temperature-dependent conductance in the insulat-
ing regime t6 nm can be fitted by not shown the
Efros–Shklovskii variable-range hopping VRH model.12 In
this model, conductance is stretched-exponentially depen-
dent on temperature Eq. 1. The temperature parameter T0
is fitted from our data to be less than 1 K, indicating that the
application of this model may not be appropriate13 in our
system. In fact, the applicability of VRH model in granular
metal system is often questioned14
VRH  exp−T0T  . 1
In a different model,15 the temperature dependence of the
conductance is shown to be logarithmic in weakly coupled
granular metals,
log = a + b ln T, 2
with a and b sample-dependent parameters. Samples with t
=4 nm and t=5 nm can be fitted shown in insets of Figs.
3a and 3b by this model Eq. 2. The model does not
work for the sample with t=6 nm because this sample
shows an opposite trend at high temperatures T40 K
than that predicted by the model.
Compared with the above two models, the two-defect
small-polaron hopping model16 may better account for the
soft phonon modes in the organic materials. According to
this model,
Rpolaron  exp	4Ea
	
tanh 	4kBT
 , 3a
FIG. 2. Hysteresis loops of 3HDP1 ML /Co90Fe10t4 multilayers at RT
with different CoFe thickness: a t=2 nm, b t=4 nm, and c t=5 nm.
FIG. 3. Color online The temperature dependence of resistance of
3HDP1 ML /Co90Fe10t4 fitted by two-defect small-polaron hopping
model: a t=4 nm, b t=5 nm, and c t=6 nm. a and b are fitted by
Eq. 3a, and c is fitted by Eq. 3b. The inset of a and b is conduc-
tance at low temperatures fitted by logarithmic function Eq. 2.
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Rpolaron  exp	4Ea
	
tanh 	4kBT
 + A · T. 3b
In Eq. 3a, the bias voltage dependence in the original
model16 is omitted because a constant bias voltage was used
in our measurements. Samples with t=4 nm and t=5 nm
can be fitted well by this function. In the sample with
t=6 nm, the size of nanoparticles is larger than that in
samples with t=4 nm and t=5 nm. As a result, for the
sample with t=6 nm, the resistance from within the metallic
nanoparticles becomes significant, especially at higher tem-
peratures when the metallic resistance dominates. The resis-
tance due to the metallic grains is accounted for by a linearly
temperature dependent resistance term, arising from the
electron-phonon scattering. The small-polaron hopping resis-
tance and the resistance due to metallic nanoparticles are in
series, as shown in Eq. 3b, where A is the resistance tem-
perature coefficient of CoFe. The data from the sample with
t=6 nm is fitted by Eq. 3b, as shown in Fig. 3c. The
temperature coefficient of resistance fitted from our data is
positive, consistent with the electron-phonon picture. Addi-
tionally, samples with t=4 nm and t=5 nm are also fitted by
Eq. 3b shown in Figs. 3a and 3b with resistance tem-
perature coefficient nearly zero.
The phonon energy 	 and the polaron activation energy
Ea, two of the fitting parameters in the model, are fitted from
Eq. 3b for the sample with t=4, 5, and 6 nm. The polaron
activation energy for samples with t=4, 5, and 6 nm are
fitted to be 0.269, 0.112, and 0.030 meV, respectively. The
rapid reduction of the polaron activation energy with the
nominal thickness of CoFe, and the small absolute values
suggest that the presence of the metallic CoFe nanoparticles
may be responsible for reducing the polaron activation en-
ergy. The energies of phonon fitted from the three samples
are, respectively, 2.2, 2.7, and 3.05 meV. The relatively small
energy of phonon corresponds to the slow sound velocity in
saturated fatty acids17 as compared with a typical insulating
solid state material. The energy of phonon increases with the
thickness of CoFe. A possible explanation for the increase is
that the 3HDP molecules are more compressed by nanopar-
ticles when more CoFe is deposited on it, and as a result, the
sound velocity in the molecular region increases thus causing
an increase in the phonon energy.
MR ratio of 0.17% at 4.2 K Fig. 4 is observed in the
sample with t=5 nm using current-in-plane geometry. This
MR ratio is much smaller than the organic MTJ6 made from
the same molecules but is comparable to most other organic
spintronics measurements.3 MR ratio of a granular film is
generally expected to be smaller than the spin valves made
of the same materials. In the case of our samples the reduced
MR ratio is possibly due to the intergranular magnetic
coupling.18
A small positive MR is observed in these discontinuous
multilayers of 3HDP with a long aliphatic chain and CoFe
discontinuous layers. The existence of spin-conserving trans-
port in this material suggests that discontinuous multilayers
may be used as an effective structure for spin-polarized
transport. The optimal thickness for the CoFe layer is 5 nm,
when the film is discontinuous but there is significant ferro-
magnetic coupling between the nanoparticles. Although the
intergranular coupling helps to overcome the superparamag-
netism of the nanoparticles, it also reduces the overall MR
ratio. The temperature dependence of the conductance sug-
gests that the transport mechanism is likely small polaron
hopping.
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